Introduction
Stakeholders like investors, city planners, and building owners in regions subject to seismic hazards need to know the expected losses due to seismic events. To estimate the losses due to structural damage, a probabilistic methodology is needed that accounts for available structural damage data and the prevailing uncertainties.
This paper proposes a set of structural damage states and a procedure for calculating structural damage factors, which is the essential information to compute economic losses. This methodology provides a means to link the structural performance to a structural loss estimation that can be used for social and economic impact studies. Prediction and confidence bands are constructed to account for the prevailing uncertainties. Based on this developed methodology, the expected seismic structural damage for three types of building structures in the Mid-America region is assessed.
Several studies have been conducted to assess the structural damage due to a seismic event (Erberik and Elnashai 2006; Kircher et al. 2006; Olshansky and Wu 2004; Porter et al. 2004; King et al. 2005) . Only a few studies have evaluated the expected seismic damage of buildings in the Central and Eastern United States, and those are based on a deterministic approach that ignores the underlying uncertainties. However, proper accounting for the uncertainties is needed for a decision-making process focused on whether to repair a given building or collection of buildings.
The HAZUS (FEMA 2001) program can be used to estimate potential losses due to various hazards including floods, earthquakes, and hurricanes. The HAZUS methodology provides estimates of losses due to structural and nonstructural damage in terms of repair costs, expressed as a percent of building replacement costs. However, the repair costs, provided by building occupancy class and model building type, are deterministic. Moreover, HAZUS is intended to provide estimates at the regional scale.
Past Damage Records and Related Studies
The Applied Technology Council (ATC) conducted a survey on building structures after the Northridge, California, earthquake of January 17 th , 1994. The outcomes of this survey were documented in the ATC-38 report Database on the Performance of Structures near StrongMotion Recordings: 1994 Northridge, California, Earthquake (ATC 2000 . The ATC-38 document provides information related to the surveys, including the standardized form used, details about the procedures used, and a summary database. The database was developed by collecting 530 survey results from 31 strong motion recording stations in the Los Angeles area.
In the database, the peak ground acceleration (PGA) varies from 0.15g to 1.78g and the distances from the epicenter ranges from 2 to 39 km. The data was collected for 15 building types, categorized primarily by structural materials, and 20 occupancy types. Four categories of qualitative damage states were used for the overall damage inspection, as described in Table 1 .
In addition to the overall damage rating, the same group of engineers categorized the building damage using the damage states provided in ATC-13 Earthquake Damage Evaluation Data for California (ATC 1985) . The ATC-13 damage states were developed as a function of the percentage of replacement cost (damage factor). The damage states and corresponding damage factor ranges were based on inputs from earthquake engineering experts who provided estimates for different classes of facilities. (Abrams and Shinozuka 1997) provides the inventory of structures, ground motion data, structural analysis and response of reinforced concrete (RC) and masonry buildings, fragility curve development, and loss estimation.
The LAMB study developed average loss factors defined as a percentage of replacement value. The study used the ATC-38 preliminary database and determined the total number of buildings that were assigned to each combination of the ATC-13 and ATC-38 damage states.
The ATC-38 overall damage states (N/I/M/H) were mapped onto the ATC-13 damage factor range for structural, nonstructural, and contents loss and the number of buildings in each combination was listed. The mapped results for structural damage from the LAMB report are provided in Table 3 . It may be observed that low damage states have significantly more data points than high damage states. Most buildings are categorized within the "None" and "Insignificant" overall damage states. This gives more confidence in the accuracy of these ranges.
For the "Heavy" damage state, the number of buildings is only 10 (1.9 percent of the total number of buildings). Table 4 shows the loss factors for the repair cost as a percentage of replacement value used in the LAMB study based on the distribution of the damaged buildings shown in Table 3 .
These values were computed by summing the product of the central damage factor (mid-point of the damage factor range) and the percentage of damaged structures in each structural damage state (N/I/M/H). As shown in Table 4 , average loss factors increase as the overall damage state becomes greater. However, for "Heavy" damage of nonresidential buildings, a loss factor of 41% seems to be quite low for the expected repair costs. This may be partly due to the fact that there were fewer data for the "Moderate" and "Heavy" damage states, and so the distribution of damage factors is less accurate than for the lower damage states. The LAMB study provides a procedure to compute average loss factors but it is a deterministic approach so that uncertainties in damage state definition and final damage factors are not considered. In addition, the central damage factor for ATC-13 damage category 6 is 80%, which is a relatively small number for structures that may have up to 100% damage.
Probabilistic Assessment of Structural Damage
Many uncertain parameters play an important role in the damage assessment process. Sources of uncertainty include the hazard definition for fragility analysis, structural and nonstructural capacities, performance level definitions, damage state descriptions, repair and replacement costs, and other modeling assumptions. To account for the above uncertainties, a probabilistic approach is developed in this paper for assessing building structural damage due to earthquakes. The probabilistic approach provides more than mean values but also prediction/confidence bounds so that the damage assessment and decision-making processes can be more accurate.
The overall process for assessing structural damage includes five steps: (1) defining the damage state descriptions; (2) mapping between fragility curves and damage states; (3) defining damage factors associated with damage states; (4) calculating total damage factor; and (5) constructing prediction/confidence bands.
Damage State Descriptions
For this study, the ATC-13 damage factors, along with the ATC-38 damage state classifications and database of building damage, are used as a starting point for selecting damage (or loss)
factors for structural damage. 
Relationship between Fragility Curves and Damage States
Fragility curves are typically developed based on performance levels that reference the occurrence of various limit states within a structure. Recent studies on the seismic fragility assessment of buildings in the Central U.S. include Hueste and Bai (2007a,b) , Kinali and Ellingwood (2007) , Lee and Rosowsky (2006) , Ramamoorthy et al. (2006) , and Wen and Ellingwood (2005). The appropriate limit states can vary among structure types, depending on specific structural behavior and potential modes of failure during a seismic event.
Figure 1 and Table 7 illustrate one possible relationship between the performance levels used to define fragility curves and the damage state definitions. In the developed methodology, three performance levels corresponding to structural limit states are defined generically as PL1, PL2, and PL3. For example, PL1, PL2, and PL3 could be three FEMA 356 (ASCE 2000) performance levels: Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP), respectively. The performance levels assigned to a set of fragility curves is mapped to the appropriate generic performance level based on the desired damage bounds.
Damage Factors Associated with Damage States
Structural damage factors are needed to quantify the cost of structural repairs as a percentage of the replacement value of the structural portion of a building. To calculate the damage (or loss)
factors for estimating the cost of repairing structural damage, a link is made between the ATC-13 damage categories and the developed damage states in this study. The numerical ATC-38 building data presented in Table 3 was used to determine an appropriate mapping strategy. Table   8 provides the relationship between the overall damage states and the ATC-13 damage categories, along with the ATC-13 damage factors. As determined from Table 3 , "Insignificant" damage corresponds primarily to ATC-13 damage categories 1 and 2, while ATC-13 damage categories 3 and 4 are assigned to the majority of the structures with "Moderate" damage. For "Heavy" damage, ATC-13 damage category 6 (60 -100%) is divided into two ranges (6a and 6b). A linear function is assumed for damage category 6 when it is separated.
A probabilistic approach is necessary to account for the uncertainties in the data collection and the information used to select the damage factors. This uncertainty should be
In review (limited distribution)
July 2007 8 directly incorporated into the overall uncertainty for the structural damage assessment. To take into account variability in estimating the damage factors, the damage (or loss) factor ( k L ) for each damage state, k, is assumed to be a random variable that has a Beta distribution. Since k L is bounded, a Beta distribution is selected to model its variability. Table 9 2 times the given range is assumed. As more earthquake damage data becomes available, these statistical parameters can be refined.
Total Damage Factors
After defining the damage factors associated with individual damage states, the total damage factor for a given intensity measure, L|IM, can be computed. The damage states are assumed to be bounded by the fragility curves, as shown in Figure 3 . The probability of being in each damage state can be computed as the difference between the conditional probabilities of the bounding fragility curves. Conditional probability values (P PL1 , P PL2 , and P PL3 ) that correspond to each performance level can be obtained for a given intensity measure from the fragility curves.
These are the probability values of attaining or exceeding a certain performance level conditioned on a measure of earthquake intensity. 
where, L IM µ is the conditional mean of the total damage factor for a given intensity measure and (1) and (2) 
where
µ is the mean of the damage factor for each damage state, and
Prediction/Confidence Bands
Along with the total damage factor for a given intensity measure, L|IM, prediction and confidence bands can be constructed to represent uncertainties in the damage assessment process.
The distribution of L|IM can be used to construct prediction bands that reflect the fact that different damage states are possible for a given IM.
In addition, confidence bands can be constructed using the variance of the expected damage factor, Figure 4 illustrates the expected total damage factor as a function of the intensity measure, along with the prediction and confidence bands. The prediction and confidence bands can be constructed using different percentiles to reflect different levels of confidence. The confidence band on L IM µ is, in general, contained in the corresponding prediction band for L|IM because it is possible to predict the average response more precisely than an individual observation.
Application of Developed Methodology to Three Case Studies
The developed methodology is illustrated for three case study buildings: a reinforced concrete (RC) building, a steel moment resisting frame (MRF) building, and an unreinforced masonry (URM) building. The buildings represent typical structures in the Mid-America region. Figure 5 shows the elevation views of the case study buildings.
A set of synthetic ground motion data for Memphis, Tennessee, developed by Rix and Fernandez (2006) , is used for the case studies. Both uplands and lowlands soil profiles are considered because Memphis has both soil types. The synthetic ground motion set contains suites of 20 ground motions each for 10% and 2% probabilities of exceedance in 50 years (10/50 and 2/50) motions. The selected earthquake intensity for each case study is the median value of a S for a ground motion suite at the fundamental period of the building.
Two levels of earthquake intensity are used to illustrate the calculations for each case study building, while the total damage factor is shown over the entire range of spectral acceleration, a S . In addition, prediction and confidence bands are constructed to account for the inherent uncertainties. For the case studies, the variance of the expected damage factor is computed using the following expression, which assumes statistical independence between damage factors.
Structural Damage Estimates
( ) For the 10/50 motions, the value expected total damage factor ˆL IM µ for the RC building is about six times less than the mean for the steel and URM buildings. This is because the RC building has an 81.4% probability of being in the Insignificant damage state for the 10/50 motions, so contributions coming from other damage states are relatively small.
For the 2/50 motions, the URM and RC buildings have higher values of ˆL IM µ than the steel building. As shown in Figure 7 , the steel building has a larger contribution from the Heavy damage state for the 2/50 motions, while the RC and URM buildings have a greater contribution from the Complete damage state.
The coefficients of variation (COVs) vary from 0.165 to 0.791, except the RC building has a COV of 2.12 for the 10/50 motions. This is because this building has a small value of ˆL IM µ for the 10/50 motions.
Sensitivity Analysis
A sensitivity analysis for the value of k L σ selected for L k is conducted for each case study. As an initial point, k L σ are assumed to be equal to 0.2 times the given range for each damage state, as proposed in Table 9 . Table 12 , the differences in the confidence bands vary between 0.8% and 16%, in general. The difference for lower bounds is always larger than that for upper bounds. The highest difference comes from the lower bounds for the RC building with 10/50 motions. Similar considerations can be made for the sensitivity of the prediction bands.
Summary and Conclusions
This paper develops a probabilistic loss estimation framework for assessing the structural damage due to seismic events. Structural damage factors are used to quantify the cost of structural repairs as a percentage of the replacement value of the structural portion of a building.
The uncertainty in the structural damage factors for each damage state is described using a Beta distribution, and suggested mean and standard deviation values are provided. A probabilistic approach to determine the total damage factors as a function of intensity measure is also described, allowing quantification of uncertainties and development of confidence and prediction bands. Based on the characteristics of the Beta distribution and a sensitivity analysis, the standard deviation values of each damage state are assumed to be equal to 0.2 times the given intervals for each damage state.
As an application, structural damage factors are calculated for three example building types common in the Mid-America region. Based on the developed methodology, the selected steel and unreinforced masonry buildings are expected to have the highest structural damage factors for 10% in 50 years motions for Memphis, with moderate structural damage predicted.
The selected unreinforced masonry and reinforced concrete buildings have the highest structural damage factors for the 2% in 50 years motions for Memphis, with heavy to complete structural damage predicted.
A simple, flexible, and transparent approach is developed, which can be easily updated to account for new seismic damage data. The developed approach can also be generalized to assess non-structural damage and other types of losses due to seismic events. List of Figures   Fig. 1 . Possible relationship between fragility curves and damage states Table 10 . Data for case study structures Table 11 . Statistics of total damage factors for case study structures Table 12 . Results of the sensitivity analysis for the total damage factor for case study structures Probability.
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P I|IM = 1.0 -PPL1 
Insignificant (I)
Damage requires no more than cosmetic repair. No structural repairs are necessary. For nonstructural elements this would include spackling, partition cracks, picking up spilled contents, putting back fallen ceiling tiles, and righting equipment.
Moderate (M)
Repairable structural damage has occurred. The existing elements can be repaired essentially in place, without substantial demolition or replacement of elements. For nonstructural elements this would include minor replacement of damaged partitions, ceilings, contents, and equipment or their anchorages.
Heavy (H)
Damage is so extensive that repair of elements is either not feasible or requires major demolition or replacement. For nonstructural elements this would include major or complete replacement of damaged partitions, ceilings, contents, equipment or their anchorages. 
Moderate (M)
Repairable structural damage has occurred. The existing elements can be repaired essentially in place, without substantial demolition or replacement of elements. For nonstructural elements, repairs would include minor replacement of damaged partitions, ceilings, contents, and equipment or their anchorages.
Heavy (H)
While the damage is significant, the structure is still standing. Structural damage would require major repairs, including substantial demolition or replacement of elements. For nonstructural elements, repairs would include major replacement of damaged partitions, ceilings, contents, equipment or their anchorages.
Complete (C)
Damage is so extensive that repair of most structural elements is not feasible. Structure is destroyed or most of the structural members have reached their ultimate capacities. 
